Immune checkpoint therapies, such as ipilimumab, induce dramatic antitumor responses in a subset of patients with advanced malignancies, but they may also induce inflammatory responses and toxicities termed immune-related adverse events (irAEs). These irAEs are often low grade and manageable, but severe irAEs may lead to prolonged hospitalizations or fatalities. Early intervention is necessary to minimize morbidities that occur with severe irAEs. However, correlative biomarkers are currently lacking. In a phase II clinical trial that treated 27 patients with metastatic prostate cancer, we aimed to test the safety and efficacy of androgen deprivation therapy plus ipilimumab. In this study, we observed grade 3 toxicities in >40% of treated patients, which led to early closure of the study. Because ipilimumab enhances T-cell responses, we hypothesized that increased clonal T-cell responses in the systemic circulation may contribute to irAEs. Sequencing of the T-cell receptor β-chains in purified T cells revealed clonal expansion of CD8 T cells, which occurred in blood samples collected before the onset of grade 2-3 irAEs. These initial results suggested that expansion of ≥55 CD8 T-cell clones preceded the development of severe irAEs. We further evaluated available blood samples from a second trial and determined that patients who experienced grade 2-3 irAEs also had expansion of ≥55 CD8 T-cell clones in blood samples collected before the onset of irAEs. We propose that CD8 T-cell clonal expansion may be a correlative biomarker to enable close monitoring and early intervention for patients receiving ipilimumab.
ipilimumab | T cells | CD8 | toxicities | prostate cancer C ancer immunotherapies that target the T-cell immune checkpoints, such as CTLA-4, PD-1, and PD-L1, promote tumor-specific T-cell responses. Ipilimumab, nivolumab, and pembrolizumab are immune checkpoint therapies that induce durable antitumor responses and improve survival in melanoma (1) (2) (3) (4) , nonsmall cell lung cancer (NSLC) (5, 6) , and renal cell carcinoma (RCC) (7) . Clinical trials with ipilimumab in men with castration-resistant prostate cancer (CRPC) have reported limited efficacy to date (1, 2, (8) (9) (10) (11) (12) . We hypothesized that adding ipilimumab shortly after the start of androgen deprivation therapy (ADT) in men with metastatic prostate cancer, before the disease becomes castration resistant, would enhance the efficacy of the treatment. To address this hypothesis, we conducted a phase II clinical trial (ClinicalTrials.gov, #NCT01377389) in patients with metastatic castration-naïve/-sensitive prostate cancer, who received ipilimumab plus ADT for a finite duration. The clinical trial closed early due to greater than 40% grade 3 toxicities, which was a prespecified safety end point.
Immune checkpoint therapies are known to induce inflammatory tissue damage or immune-related adverse events (irAEs), including inflammation of skin (rash, dermatitis), liver (transaminitis), endocrine axis (hypophysitis, thyroiditis), or gastrointestinal tract (diarrhea, colitis) (13) . In a phase III study, ∼60% of ipilimumabtreated men with CRPC experienced irAEs, of which about 25% were grade 3-4 toxicities (12), which are frequencies similar to those observed with ipilimumab monotherapy in advanced melanoma patients (1, 2, 14) . Moreover, although recent studies suggest that the combination of immune checkpoint inhibitors significantly increases the rate of therapeutic benefit, the proportion of patients experiencing grade 3-4 irAEs virtually doubles when ipilimumab is combined with nivolumab (14) .
Significance
Immune checkpoint therapies have garnered significant attention due to their ability to induce dramatic clinical responses in patients with various solid tumor malignancies, including prostate cancer. However, these therapeutic agents often elicit immunerelated adverse events (irAEs) that may result in substantial morbidity. Early intervention can markedly reduce the severity of the irAEs, but biomarkers that allow for their early detection and guide their management are lacking. Based on peripheral blood samples collected longitudinally in two prostate cancer clinical trials, we propose CD8 T-cell clonal expansion within the systemic circulation as a potential correlative biomarker of immunerelated adverse events that occur with ipilimumab therapy.
Severe irAEs can be life threatening and may lead to prolonged hospitalization and morbidities. Although most of the severe irAEs can be reversed with high-dose steroids and/or other immunosuppressive therapies, they often require protracted courses of immunosuppression, which frequently results in additional complications and significant morbidities (13) . Early recognition of irAEs, before their worsening to grade 3-4 severity, allows for prompt initiation of immunosuppressive treatments, which in turn curtails the toxicity more effectively and thus requires a shorter and less intense course of immunosuppression. Therefore, biomarkers that correlate with severe irAEs in patients receiving immune checkpoint therapies would greatly improve clinical management and patient outcomes.
To identify such markers, we examined longitudinally collected peripheral blood samples of patients accrued to our phase II study of finite ADT plus ipilimumab. Based on published data that clonal expansion of T cells in tumor tissues, which are likely tumor reactive, may predict for clinical benefit with immune checkpoint therapy (15), we hypothesized that clonal expansion of T cells in the systemic circulation, which are likely to be reactive against self-antigens, may correlate with irAEs. Therefore, we purified CD4 and CD8 T cells from the collected peripheral blood mononuclear cells (PBMCs) and performed next-generation sequencing of complementarity-determining region 3 (CDR3) regions in rearranged T-cell receptor (TCR) β-chains to retrospectively evaluate T-cell clonal expansion. Our data revealed that clonal expansion of CD8 T cells in blood samples that were collected before the start of irAEs correlated with the development of subsequent grade 2-3 irAEs. Our data highlight the possibility of using CD8 T-cell clonal expansion as a correlative biomarker to closely monitor and intervene early to minimize severe toxicities that occur with ipilimumab therapy. 4 wk apart (Fig. 1A) . Our trial was designed to accrue a total of 48 patients but closed early when greater than 40% of subjects developed grade 3 drug-related toxicities, as predetermined in the safety monitoring plan. We screened 30 patients: 2 were ineligible and 1 withdrew consent before receiving ipilimumab; therefore, 27 patients were evaluable for safety and toxicity. Baseline characteristics of these 27 patients are described in Table S1 . Seven patients had prior local therapy for their prostate tumor, two of which received prior ADT for 3-4 mo with radiation therapy (RT; Two patients (patients 1 and 4) had complete radiographic responses attributed to the combination of ADT plus ipilimumab (Fig. 1C) , and patient 4 remains without PSA progression after 48.9 mo on study. Thirteen of 24 patients (54%) have developed CRPC (median time = 27.5 mo), and 8 of 24 patients (33%) have died from their disease ( Table 1) . Twelve of 27 patients (44%) developed grade 3 toxicities attributed to treatment. As in other trials of ipilimumab (8-10, 12, 13) , the most common grade 3 irAEs were transaminitis (15%), diarrhea/colitis (11%), and hypophysitis (7% ; Table S3 ). No grade 4 or 5 toxicities were observed in this study. We sought to identify candidate immune biomarkers that correlate with clinical outcomes in men with metastatic castration-sensitive prostate cancer. As our group previously reported (17-19), we identified an increased frequency of ICOS + CD4 T cells as a pharmacodynamic biomarker of ipilimumab therapy (Fig. S1A) . To retrospectively analyze our data for potential correlative biomarkers of clinical benefit, we defined a long disease-free interval (>16 mo) before PSA progression as clinical benefit and a short disease-free interval (<8 mo) before PSA progression was defined as having no clinical benefit. We found that patients with clinical benefit were more likely to have increased frequency of CD3 T cells expressing CTLA-4 in pretreatment blood samples (Fig. S1B) . We also found that men with clinical benefit had an increased ratio of CTLA-4 + CD3 T cells to PD-1 + CD3 T cells in pretreatment blood samples (Fig. S1B) , suggesting that a ratio of CTLA-4 + CD3:PD-1 + CD3 T cells ≥0.9 correlates for clinical benefit from ipilimumab. We next chose to retrospectively evaluate whether clonal expansion of T cells correlates with clinical benefit and toxicities. Therefore, we purified CD4 and CD8 T cells from longitudinal blood samples of 20 patients (Fig. S2A and Table 2 ) and performed next-generation sequencing to determine T-cell receptor clonality (20) . Clonality is a metric ranging from 0 to 1 that describes the shape of the clone frequency distribution; values approaching 1 indicate an increasingly asymmetric distribution of relative abundances and are indicative of T-cell activation and concomitant expansion of a mono-or oligo-clonal population of T cells. CD4 and CD8 T-cell clonality in pretreatment blood samples did not correlate with clinical benefit (Fig. S2B) or toxicity outcomes (Fig. S2C) . To determine whether CD4 and CD8 T-cell clonal expansion in posttreatment blood samples correlate with clinical outcomes, we quantified the number of unique CD4 and CD8 T-cell clones that expanded within each patient's repertoire after each dose of ipilimumab ( Fig. 2A) . Neither CD4 nor CD8 T-cell clonal expansion within the systemic circulation was significantly different between patients who were identified as having clinical benefit and those who did not (Fig. S2D) .
To determine whether CD4 and CD8 T-cell clonal expansion correlated with irAEs, we analyzed available samples from 16 evaluable patients. CD4 T-cell clonal expansion did not significantly differ between patients experiencing grade 2-3 irAEs vs. patients experiencing grade 0-1 irAEs. However, we found that CD8 T-cell clonal expansion was significantly greater in patients developing grade 2-3 irAEs vs. grade 0-1 irAEs (Fig. 2B) . Importantly, the CD8 clonal expansion was noted in blood samples obtained before the development of the grade 2-3 immunerelated toxicities, and the median time between the blood draw and the onset of toxicity was 13 d (IQR, 2-24 ).
Circulating CD8 T-Cell Clonal Expansion Precedes the Development of
Grade 2-3 irAEs. We sought to provide additional evidence that CD8 T-cell clonal expansion precedes the development of subsequent grade 2-3 irAEs. Therefore, we formulated a receiver operating characteristic (ROC) curve that yielded an area under the curve of 0.87 (values closer to 1 denote an excellent classifier) using 35 available blood samples collected from the 16 patients (Fig. 3A) . A logistic regression model demonstrates that the number of expanded CD8 T-cell clones had a strong association with irAEs (P = 0.01) with an odds ratio (OR) of 1.02 (95% CI, 1.01, 1.04) or a 2% increase in risk of irAE for each additional expanded clone (Table S4) , which equates to a 27% increase of irAE for an increase of 10 expanded clones (OR, 1.27; 95% CI, 1.06, 1.51). Taken together, we found that the expansion of 55 or more CD8 T-cell clones resulted in a sensitivity of 100% of patients who would experience grade 2-3 irAEs.
To further test this concept, we retrospectively evaluated CD8 T-cell clonal expansion in blood samples collected from a second, independent, cohort of 11 patients enrolled on a separate clinical trial whereby patients with localized prostate cancer received ADT plus ipilimumab therapy before radical prostatectomy (ClinicalTrials.gov, #NCT01194271). Nine of 11 patients (82%) in this study developed grade 2-3 irAEs. Analysis of blood samples collected before the development of these grade 2-3 toxicities revealed CD8 T-cell clonal expansion of 55 or greater in all nine of these patients (Table 3 ). These data indicate that CD8 T-cell clonal expansion may be a biomarker that would enable increased surveillance of patients on treatment such that patients found to have 55 or more expanded clones would be expected to have a 100% probability of developing grade 2-3 irAEs at a later time.
In a pooled retrospective analysis of independent cohorts of patients from our two clinical trials, consisting of a total of 27 patients, we observed a statistically significant difference in clonal expansion of CD8 T cells in peripheral blood for patients who developed grade 0-1 irAEs compared with those who developed grade 2-3 irAEs (Fig. 3B) . These findings will need to be evaluated prospectively in larger cohorts of patients for confirmation and to determine feasibility for incorporation into clinical practice, which would provide a useful tool for physicians to determine when to institute close monitoring of patients receiving ipilimumab.
Discussion
Although limited by the toxicities encountered, our experience suggests that a subset of patients with prostate cancer may derive significant benefit from the addition of ipilimumab. We observed sustained responses following combination therapy with ipilimumab plus finite ADT in 4 of 24 patients and complete radiographic responses in 2 patients. Remarkably, one of these patients continues to require no additional treatment after completing finite ADT plus ipilimumab over 4 y ago. Importantly, the frequency of ICOS + CD4 T cells in peripheral blood increased following ipilimumab treatment suggesting that ipilimumab plus ADT combination therapy had similar pharmacodynamic impact as previously reported for ipilimumab monotherapy. In addition, consistent with the concept that T cells expressing CTLA-4 may represent an activated subset of cells, whereas those with low levels of PD-1 may characterize a less exhausted subpopulation, we identified baseline CTLA-4 + CD3 T cells and the ratio of CTLA-4 + CD3 T cells to PD-1 + CD3 T cells within the systemic circulation as potential correlative biomarkers of clinical benefit with ipilimumab therapy, which will need to be tested in larger cohorts of patients. Previous studies found that high expression of CTLA-4 and PD-1 on CD4 T cells in baseline peripheral blood samples as potential correlative biomarkers of clinical benefit in men with CRPC treated with ipilimumab combinations (21, 22) .
Immune checkpoint therapies are expanding their clinical indications from melanoma to other solid tumors (5, 7) and even hematological diseases such as refractory Hodgkin's lymphoma (23) . Furthermore, combining immune checkpoint therapies, such as ipilimumab plus nivolumab, appear to increase the rate of clinical benefit. However, the frequency of toxicities is also increased with combination therapy (14) . As combination therapy has such significant clinical benefit and is likely to become a broad standard in oncology, a better understanding and management of its associated toxicities is needed.
Consistent with the experiences in other tumor types, common irAEs in this and other trials included rash/pruritus, diarrhea/ colitis, and transaminitis. Interestingly, immune-mediated toxicities are relatively similar independent of the tumor type and immune checkpoint being targeted. These observations suggest that irAEs develop from similar mechanisms of action, especially because immune checkpoint therapies target T-cell responses. Although most irAEs induced by immune checkpoint therapies can be reversed with high-dose steroids and/or other immunosuppressive therapies, prolonged immunosuppression can have severe consequences, including acquisition of life-threatening opportunistic infections (24, 25) . Cumulative experiences show that the earlier immunosuppressive therapies are initiated, the shorter the required course will be; however, early manifestations of irAEs are often subtle, and the start of immunosuppressive therapies is frequently delayed. Therefore, a biomarker that can be used to monitor severe irAEs and allow for early intervention is critically needed.
Previously published data indicate that increased T-cell clonality in the tumor microenvironment correlates with clinical response to anti-PD-1 therapy (15) . Because immune checkpoint therapies affect T-cell function, it may be that T-cell responses in the tumor tissues would be beneficial but T-cell responses in the systemic circulation may indicate responses against self-antigens, which may lead to toxicities. Our data indicate that peripheral blood CD8 T-cell clonal expansion precedes the onset of grade 2-3 irAEs. Specifically, expansion of 55 or more CD8 T-cell clones in the peripheral blood strongly correlated with subsequent development of grade 2-3 irAEs. This finding was substantiated using an independent cohort of prostate cancer patients who also received ADT plus ipilimumab, whereby the expansion of 55 or more CD8 T-cell clones occurred before the development of grade 2-3 irAEs. Although there are likely many mechanisms that contribute to irAEs, our study highlights CD8 T-cell clonal expansion as one plausible factor. Clonal expansion of CD8 T cells Table 3 . Correlation between CD8 T cell clonal expansion and irAEs in a second clinical trial *Represents samples that were unavailable.
Red rectangles indicate blood draw used for predicting Grade 2-3 irAEs. Blue rectangles indicate blood draw used for predicting Grade 0-1 irAEs.
in the peripheral blood could become an important clinical tool to guide early intervention for immune checkpoint toxicities across tumor types, but this will need to be tested prospectively in additional cohorts of patients.
Although it remains to be defined how to optimally integrate ipilimumab into the current armamentarium of prostate cancer therapies, these data indicate that additional studies in patients with advanced metastatic prostate cancer are warranted to evaluate other immune checkpoint treatment strategies with ipilimumab, possibly with a lower dose of 3 mg/kg, as is used in patients with metastatic melanoma, instead of 10 mg/kg, as was used here. Importantly, the frequency of severe irAEs appears to be directly correlated with the dose of ipilimumab (26, 27) .
Nonetheless, for the current immune checkpoint agents, irAEs have been reported for all of the approved doses to date. Cumulative data indicate that early diagnosis and intervention for irAEs are important for successful resolution of the toxicities and use of minimal doses of steroids or other immunosuppressive therapies. The clinical challenge is that the manifestations of these toxicities are often subtle and the start of immunosuppressive therapies is frequently delayed. Therefore, the possibility of using CD8 T-cell clonal expansion as a biomarker that may potentially predict for severe irAEs and allow for early intervention represents a first step forward and will require additional evaluation.
Methods

Patients.
We conducted an open-label, single-center, phase II study of ADT in combination with ipilimumab. To be eligible, patients had to be at least 18 y of age and have histologically confirmed prostate carcinoma, radiographic evidence of metastatic disease, and noncastrate disease or must have received ADT within 1 mo of starting ipilimumab. Prior hormonal therapy for nonmetastatic disease was allowed if the patient had been off ADT for 1.5 times the time that they were on it. Other eligibility criteria included adequate hematological, renal, and hepatic function and an Eastern Cooperative Oncology Group (ECOG) performance status of 0-1. The study was approved by the institutional review board of The University of Texas M.D. Anderson Cancer Center. Written informed consent for participation in the study was obtained from all participants.
Analysis of the T-Cell Receptor β-Expressing Repertoire in Peripheral Blood. Genomic DNA from sorted cells was extracted using the Qiagen Symphony according to the manufacturer's instructions. Samples were quantified using Dropsense96 and diluted for library preparation. Amplification and sequencing of CDR3 regions in rearranged TCR β-chains was performed using the immunoSEQ Assay (Adaptive Biotechnologies). The immunoSEQ assay combines multiplex PCR with high-throughput sequencing and a sophisticated bioinformatics pipeline for TCRβ CDR3 region analysis (28, 29) . Diversity is calculated as Shannon's Entropy by H = − P N i p i lnðp i Þ, where p i is the proportional abundance of clone i, and N is the number of unique clones detected in the sample. Clonality is defined as 1 − Pielou's eveness metric and is calculated by 1 − H=lnðNÞ. Diversity describes the richness of the sample (i.e., the number of unique sequences) and their proportional evenness, whereas clonality describes the shape of the distribution of proportional abundances and ranges from 0 to 1. Clonality values approaching one indicate an increasingly asymmetric distribution in which a few clones are present at high frequencies (28, 29) .
